Abstract: Protein kinases play crucial roles in regulating virtually every cellular process and are currently attracting tremendous interest as drug targets from the pharmaceutical industry. The major challenges facing the development of the potential kinase inhibitor drugs are: selectivity, physical properties (solubility, molecular weight), and pharmacological properties (bioavailability, half life, toxicity, etc.) This review focuses on how selective protein kinase inhibitors that target the ATP and allosteric binding sites are currently being identified and optimized.
INTRODUCTION
The protein kinases represent a large family of proteins which regulate a multitude of cellular processes, such as Tcell and B-cell activation, mitogenesis, platelet activation, neurotransmitter signaling, cell cycle control, growth control, oncogenesis, apoptosis, and transcriptional regulation [1] [2] [3] [4] . All kinases catalyze the transfer of the terminal phosphate of ATP (adenosine triphosphate) to the hydroxyl of serine, threonine (S/T kinases) or tyrosine residues (tyrosine kinases) located on substrate proteins. This phosphorylation event can propagate a signal by a number of mechanisms: (1) Kinase Activation: kinases must frequently phosphorylate themselves (autophosphorylation) or become phosphorylated by "upstream" kinases on a portion of the catalytic domain called the "activation loop" which results in a conformation conducive to phosphate transfer, (2) Kinase Inactivation: the phosphorylation of cterminal of c-Src by carboxyl-terminal Src kinase (CSK), for example, converts the kinase to an inactive form, (3) Substrate Recruitment: kinase phosphorylation can lead to the recruitment of activating or inhibiting partners that contain phosphate binding domains (e.g. Src homology domain 2 (SH-2), (4) Substrate Localization: phosphorylation can serve as a signal for altering cellular localization (e.g. phosphorylation of a nuclear localization motif (NLS) can alter the relative cytoplasmic/nuclear distribution), (5) Destruction Signal: phosphorylation can result in ubiquination and subsequent proteolysis. As kinase signaling lies at the heart of pivotal cellular decisions, kinase activity is typically strictly regulated. It should come as no surprise, therefore, that the loss of these regulatory mechanisms can lead to a number of pathological conditions. The most frequent mechanisms by which kinases become overactivated include: (1) Activating mutations: point mutations can result in "constitutively" activated kinases (e.g. mutation of phosphorylation sites on activation There are estimated to be 518 kinases encoded in the human genome, all of which have a highly conserved catalytic domain [5] . The catalytic domain consists of a bilobed structure with the catalytic residues situated in a deep hydrophobic cleft between the domains [6, 7] . The vast majority of small molecule kinase inhibitors developed to date target the ATP-binding site (Type I inhibitors), (Fig.  (1) ). This is not surprising as historically most inhibitors were discovered using biochemical screens of recombinant kinase catalytic domain at very low concentrations of ATP, where hydrophobic compounds are most likely to interact with the ATP-binding pocket. A serendipitous discovery allowed a second class of kinase inhibitor to be discovered that preferentially recognizes the "inactive" conformation of the kinase thereby preventing activation (Type II inhibitors). The binding site of Type II inhibitors extends from the ATP binding site to an adjacent hydrophobic pocket created by the "activation loop" being extended away from the conformation required to catalyze phosphate transfer. To date there appears to be only four series of Type II inhibitors disclosed in the public domain (STI571 (Gleevec ® ), BIRB-796 and its congeners, MLN518, BAY43-9006 and its congeners), three of which have been crystallographically proven (STI571, BIRB-796, BAY43-9006) [8] [9] [10] . Both STI571 and BIRB-796 are known to possess high kinase selectivity. A third class of kinase inhibitor/activator can be recognized as the one which modulate kinase activity by binding at sites, remote from the catalytic cleft. To date only few compounds have been disclosed that operate by this mechanism: the MEK inhibitor, PD184352 [11] , and the glucokinase activator, RO-28-1675 [12] . It is noteworthy that PD184532 demonstrates a very impressive high selectivity profile against a panel of 28 kinases tested by Philip Cohen and his coworkers [13] . While ATPcompetitive inhibitors are likely to be the most common kinase inhibitors, an increase in the utilization of cell-based and biochemical methods that specifically look for inhibitors of kinase activation will result in more Type II and III inhibitors being identified.
Given the increasing need for kinase inhibitors leads that can survive the demands of the drug development process, an overview of the different sources of new compounds is outlined below:
Screening of Historical Archives of Compounds Derived from Medicinal Chemistry Efforts:
This method has proven to be successful in the past with the identification of the phenylamino pyrimidine motif that ultimately resulted in the development of Gleevec ® [14] and the anilinoquinazoline scaffold that ultimately resulted in the development of Iressa ® [15] . The major problem with this method is that as an increasing number of biochemical screens are performed with recombinant catalytic domains, the same hit compounds are identified time-and-time again. The utility of such historical archives can be revitalized through clever new screening strategies where allosteric inhibitors may be identified. directed medicinal chemistry programs. "Backscreening" these collections is frequently a tremendously efficient means of finding new uses for old scaffolds specially as the genomics era has resulted in more new kinase targets than truly distinct compound classes! The major problem with this approach is that often potent activity against the original kinase target must be engineered out whilst potency for the new target is dialed in. Screening these types of libraries often allows a unique facet of SAR to be uncovered with respect to a new target, but it does not often open avenues into a completely novel chemical space. Another problem is that many programs may be initiated based on a single scaffold that ultimately is demonstrated to have a fundamental liability.
Screening of Compounds Derived from Historical
The major deficiency of the aforementioned approaches is that they do not provide inspiration for the creation of truly new kinase inhibitory scaffolds. A number of approaches have been developed to create new potential kinase inhibitors.
Combinatorial Kinase Directed Libraries:
This approach involves taking scaffolds that have proven to be kinase inhibitory or are very similar to known scaffolds and creating collections of compounds through scaffold and side chain variation (aka "soft focus library").
Creation of "Diversity" Oriented Libraries: "Diversity" oriented libraries are typically focused on chemistries that allow dense functionalization and often result in the creation of completely novel structures. Although these libraries are frequently called "natural product like, " these structures have not been subject to any sort of natural selection process and hence it is difficult to predict what biological activities they may have.
Creation of Amalgams or "Hybrids" of Previously
Identified Inhibitors: This approach consists in creating new kinase inhibitors by grafting a portion of one inhibitor structure onto another in a manner that partially mimics the natural evolution of kinase sequences by genetic recombination and mutational events. These "hybrid" structures often possess physical properties and kinase selectivities completely unique from either parent structure.
Virtual Ligand Screening (VLS):
This approach involves using computational methods (docking, energy minimization, scoring functions and so forth) to predict which compounds (virtual or real) will exhibit binding affinity to a particular kinase active site.
The following sections discuss the case studies of Type I and Type II inhibitors. This review is not intended to be comprehensive, and rather illustrates the utility of combinatorial approaches for the chemical development of kinase inhibitors. Thus, many examples are not included, and the interested reader is directed to several recent reviews [16] [17] [18] [19] [20] [21] .
TYPE I ATP-COMPETITIVE KINASE INHIBITORS

A. Purines as CDK Inhibitors
The cyclin-dependent kinases (CDKs) are serine/threonine kinases that play an important role in cell cycle progression and provide a logical target for preventing cell proliferation [22] . The misregulation of CDKs has been detected in a variety of tumors [23] . A large number of CDK inhibitors have been discovered from natural products and synthetic libraries, including three compounds that have entered clinical trials: Roscovitine [20] , flavopiridol [24] and UCN-01 [25] . Flavopiridol, however, was discontinued recently.
One well established class of kinase inhibitors are 2, 6, 9-trisubstituted purines. The founding member of this class was the natural product, Olomoucine [26] , which was tested as a potential cyclin dependent kinase inhibitor due to its antimitotic activity, (Fig. (2) ). The demonstration of Olomoucine's activity as an ATP-competitive inhibitor of Cdk1/cyclin B and the subsequent resolution of its cocomplex structure with human Cdk2 catalytic domain [27] , spawned a flurry of activity in academic and industrial labs [20] . Researchers developed a great variety of solution and solid-phase approaches for introducing diverse substituents to the 2, 6, and 9-positions of the purine ring. Screening of these compounds for their ability to inhibit starfish CDK1/cyclin B catalyzed phosphorylation of histone H1 resulted in the development of compounds such as Roscovitine [28, 29] , Purvalanols [30] , NU2058 [31, 32] , and H717 [33] , (Fig. (3) ). These optimized structures possessed improved potency and selectivity for CDKs versus a variety of other kinase targets.
(R)-Roscovitine (CYC-202) is currently in phase II clinical trials for breast and non-small cell lung cancer and in phase I clinical trial for a hyperproliferative disorder of the kidney called glomerulonephritis [29, 34] . Interestingly NU6102 utilizes a rotated binding mode relative to the Roscovitine/Purvalanol-type compounds where the hinge region contacts are made through the donor-acceptor-donor motif represented by the C2 NH, N1, and N9 NH [20] .
B. Aminothiazole as Cdk2 Inhibitors
High throughput screening at Bristol-Myers Squibb identified 2-acetamido-thiazolylthio acetic ester (1) as a relatively selective Cdk2/cyclinE inhibitor (IC 50 = 0.17 µM) [35] . The small molecular size combined with potency, structural simplicity, and modular synthesis made the compound series of 1 a particularly interesting starting point for research, (Fig. (4) ).
Despite its potent Cdk2 inhibitory activity, 1 lacks cellular activity (IC 50 > 25 µ M) most likely due to metabolism of the ester to the inactive carboxylic acid. A metabolically stable ester surrogate was sought to replace the ester in 1, leading to key 5-ethyloxazole-substituted thiazole 2. The oxazole (2), which is metabolically stable against esterases, maintained Cdk2 selectivity and displayed increased kinase inhibitory potency (2 vs. 1) as well as potent cellular activity with an IC 5 0 of 1.4 µ M . Combinatorial and parallel synthesis provided a rapid analysis of the structure-activity relationship (SAR) for these inhibitors against Cdk2, and over 100 analogs with IC 50 values in the 1-10 nM range were rapidly obtained, (Fig.  (5) ).
Using solution phase parallel synthesis as well as individual compound synthesis, the authors rapidly prepared a series of thiazoles, which posses the nearly optimal 5-tertbutyloxazolylmethylthiol group in order to further explore the SAR of the 2-amino substitution. Among the analogs made in this effort, 3 provided the new lead structure for the further optimization. The x-ray structure of Cdk2 in complex with 3 revealed that the 2-amide side chain of 3 in the binding pocket of Cdk2 points toward the solvent exposed region. Introducing a polar amino alcohol group in this moiety led to a water soluble compound 4, which is 10-fold and 30-fold selective for Cdk2/cyclinE vs. Cdk1/cyclinB1 and Cdk4/cyclinD1, respectively, ( Fig. (4) ). Compound 4 was 3-5 orders of magnitude more potent against Cdk2 than all other non-CDKs tested (protein kinase C (PKC) family members, IKK, Lck, EMT, ZAP70, and Her family and IGF-1 receptor enzymes). Compound 4 shows significant anti-tumor activity in vivo and possesses a favorable pharmacokinetic profile in mice. 
C. Diaryl Ureas as Cdk4 Inhibitors
Cdk4 has also attracted interest as a target because unlike Cdk1 & 2, which control progression into the S and G2/M phases of the cell cycle, Cdk4/cyclin D activity is required to re-enter the cell cycle from G0 phase. Interestingly, the structure of the ATP site of Cdk4 is sufficiently different from those of Cdk1 & 2 that different spectrum of small molecules are active as inhibitors. To obtain highly selective and potent Cdk4 inhibitors, Honma and his coworkers at Banyu Pharmaceuticals performed a structure-based design consisting of the following two steps: (1) lead generation by rational design using a Cdk4 homology model derived from the x-ray structure of Cdk2 and (2), enhancement of selectivity for Cdk4 versus Cdk1/2 and the other kinases based on the binding modes and structural differences between Cdk4 and other kinases [36, 37] . As the first step to generate new scaffold candidates on the basis of this homology model, they applied a new de novo design strategy which combined the de novo design program LEGEND with their in-house structure selection supporting system SEEDS. This analysis resulted in the identification of four distinct classes of inhibitors which possessed IC 50 s between 15−500 µM for Cdk4/cyclinD: diarylureas, cyclic ureas and thioureas, 4-aryl-2-aminopyridines and triazines, and pteridines. Among them the diaryl urea class compounds showed 2-digit µM potency, for example, 5 exhibited a Cdk4/cyclinD activity of 44 µM, (Fig. (7) ).
In order to rapidly study the SAR for Cdk4 inhibition, a series of small libraries were prepared by solution phase synthesis, (Fig. (7) ). First, a 55-membered library A was synthesized where the 7-hydroxynaphthyl group was held constant. Screening of this library revealed that, while aliphatic groups exhibit diminished activity, compounds with 2-pyridyl group (6) and 2-thiazolyl group show 7.6 µM and 23 µM activity, respectively. The position of the nitrogen in the aromatic ring seemed important, for compounds with 3-pyridyl or 4-pyridyl showed poor activity. Next, a 410 member library B was prepared with the 2-pyridyl group held invariant. Screening of this library allowed 7 to be identified as a 100 nM Cdk4 inhibitor. Further optimization of the fluorenonyl group led to 8 (IC 50 = 42 nM). The authors validated the proposed binding mode of diarylurea inhibitors by solving the x-ray structure of the Cdk2-7 complex.
Compound 8 showed good Cdk4 inhibitory activity and moderate selectivity (55-fold to > 480-fold) over other kinases. However, 8 inhibited Cdk1 and Cdk2 in addition to Cdk4/6 with comparable IC 50 values, which was not surprising due to the method used to obtain these lead compounds and the similarity among the CDK family. As their second step of optimization to enhance the selectivity, they initially identified specific amino acid residues around the ATP binding pocket of Cdk4 by comparing the amino acid sequences of 390 representative kinases. This analysis allowed eight residues which are different between Cdk1/2 and 4 to be identified. The location of these amino acids in relation to the predicted binding mode of 8 was used to design a chemical library. Specifically, five of the eight residues are distributed on one side of the ATP binding pocket, which is the binding site of the endogenous CDKinhibitor p16. The binding mode of 8 indicated the pyridine ring of 8 is directed towards the amino acid residues in the p16 binding region. Compound 9 (Cdk4/cyclinD IC 50 = 21 nM) with a 5-member-ring pyrazole group was found to be a useful lead in addition to 8. The binding modes predicted the 5-position of the pyrazole ring in 9 to be the most appropriate position and direction to the p16 binding region. To design suitable substituents at the 5 position, the d e novo design programs, LUDI and LeapFrog, were employed, and 64 member library C was constructed. A selective compound 10 (180-fold selective vs. Cdk2/cyclinA) was identified. On the basis of the insights obtained from the SAR of library C, several compounds were designed, and one of them, 11, exhibited a very high selectivity over Cdk1/cyclinB and Cdk2/cyclinA, (Fig. (8) ). Compound 11 also showed greater than 7000-folds selectivity over other Ser/Thr kinases (PKA, PKC, PKBα, CaMK II, p38α, ERK1, and MEK1) and Tyr kinases (Src, Lck, Flt-1, ZAP70, EGFR, FGFR1, and PDGFRβ). A docking study of 7 with CDK4 predicts that an intramolecular H-bond constrains the urea to a c i s conformation allowing the carbonyl oxygen and urea amino to form a pair of H-bonds to the hinge region, (Fig. (9) ). The fluorenone carbonyl oxygen is predicted to form a hydrogen bond with the ε-NH 2 group of Lys35 in the hydrophobic region. The X-ray analysis of the Cdk2-8 complex is consistent with the binding mode of 7 with Cdk4. The binding mode of the most optimal compound (11) with Cdk4 appears to be similar, but the 5-chloroindan-2-ylaminomethyl group enhances the hydrophobic interaction with Cdk4.
The development of diaryl ureas by Honma et al. demonstrates a number of important principles: (1) The use of multiple iterative rounds of synthesis and screening of small focused sublibraries such that substituents that enhance activity can be incorporated in the next synthetic iteration, (2) the use of molecular modeling to rationalize improvements in potency and selectivity such that new library substituents can be chosen that conserve features of previously identified compounds (i. 
D. 4-Acylamino-1, 3-Thiazoles as Potential Cdk5 Inhibitors
Cyclin-dependent kinase 5 (Cdk5), a serine/threonine kinase, is required for proper development of the mammalian central nervous system [38, 39] . Deregulation of Cdk5 has been implicated in pathology of Alzheimer's disease, as a kinase potentially involved in the hyperphosphorylation of Tau [40] . Therefore, the inhibition of Cdk5 may be useful for the treatment and/or prevention of Alzheimer's Disease [40] . Cdk5 through its ability to phosphorylate dopamine and cyclic AMP-regulated phosphoprotein (DARP-32) is able to dampen dopaminergic signaling suggesting that Cdk5 inhibitors might be useful for the treatment of some forms of depression or Parkinsons [41, 42] .
Pharmacia researchers identified a lead inhibitor 12 of Cdk5/p25 (K i = 0.5−2.0 µM) by broad screening of its compound collection [43] . It also showed modest selectivity versus the homologous kinase complex Cdk2/cyclin A (K i = 10−20 µM), (Fig. (10) ). To circumvent contamination by numerous impurities formed as a result of solution phase synthesis, a catch-and-release approach was developed for the parallel synthesis of two-dimensional combinatorial libraries of 4-acylamino-1, 3-thiazoles for optimization of the activity and selectivity of this series, (Fig. (11) ). The acylazides (14) , prepared from thioamides 13, underwent thermolysis to generate the intermediate isocyanates (15) , which were reacted with an oxime modified resin [polystyrene-C(4-NO 2 -Ph)=NOH] to afford thiazolecarbonate resin 16. The impurities were removed by washing repeatedly with dichloromethane and methanol. The desired thiazoles (17) were released by treating the washed resins with nucleophiles in the presence of triethylamine. Purification of the crude products was accomplished by combination of scavenger resins and solid-liquid extraction techniques. A combination of 22 thioamides, 56 hydrazines and 9 alkoxyamines were used for preparing several twodimensional libraries (50-100 compounds each-not all possible combinations were prepared). Most of the library products showed more than 80% purity as determined by HPLC/MS and gave average yields of 70%.
The SAR revealed that only analogs derived from 1, 1-disubstituted hydrazines retained activity. The library members with monosubstituted and 1, 2-disubstituted hydrazine elements were inactive. With respect to the 2-substituent of the thiazole ring, no substituent improved activity and selectivity versus Cdk2/cyclin A relative to the 2, 6-dichlorobenzyl moiety present in the original lead. Therefore the lead (12) remained to be the best among the hydrazine series after the library synthesis. However, replacing the hydrazine moiety of 12 with alkoxyamines afforded the compounds with remarkably good activity and selectivity, leading to the identification of the optimum compound (18) , which exhibits submicromolar activity for Cdk5/p25 and over 100-fold selectivity versus Cdk2/cyclin A, (Fig. (12) ). 
E. Oxindoles as Janus Kinase 3 Inhibitors
Inhibitors of Janus Kinase 3 (JAK 3) have shown activity as immunosuppressant agents [44] and have been proposed as potential drugs for transplantation and diabetes. The initial screen of the kinase-biased set at Aventis yielded oxindole 19 as hit of micromolar potency, (Fig. (13) ) [45] .
To further optimize the inhibitor, a homology model was generated on the basis of the cyclic adenosine monophosphate (cAMP) dependent protein kinase (PKA) and the insulin receptor tyrosine kinase (IRK). From the homology models, it is predicted that the oxindole forms a hydrogen bond pair with carbonyl of Glu903 and NH of Leu905. Analysis of the docked inhibitor indicated that the pyrrole ring projects outward in the direction of solvent, although the ring itself lies within the ATP pocket. Variation at this region in the library was intended to explore this space fully, to identify possible interaction sites both inside the pocket and outside on the lip, but also to explore the potential for the attachment of groups to give better pharmacological properties without necessarily interacting with the kinase. In contrast, it could be seen that the vector of the CH atom at the 5-position of the oxindoles core pointed into an unfilled region of the active site. Thus, to explore both the pyrrole position and 5-position of oxindoles, a two-dimensional library was prepared in a solution phase parallel synthesis fashion by condensation of oxindole cores with proprietary and commercially available aldehydes. The final products were isolated by precipitation, and those that exhibited purities greater than 85% by LC/MS were accepted as the library components. The final array consisted of 700 inhibitors, which were then screened against the JAK 3 kinase domain. 
F. Imidazoquinoxalines as Lck Inhibitors
Lymphocyte-specific protein-tyrosine kinase (Lck), a member of the Src-family of non-receptor tyrosine kinases, plays an essential role in T-cell development and activation [2, [46] [47] [48] [49] . Lck initiates T-cell antigen receptor (TCR) signaling ultimately resulting in cytokine production and Tcell activation by phosphorylating Immunoreceptor Tyrosine Activation Motif (ITAM), Syk, and ZAP-70 tyrosine kinases [4] . Inhibition of Lck has been proposed as a potential method for treating autoimmune and inflammatory disorders such as rheumatoid arthritis, multiple sclerosis, transplant rejection and delayed hypersensitivity reactions [50] [51] [52] [53] [54] .
High throughput screening at Bristol Myers Squibb (BMS) identified 1, 5-imidazoquinoxaline 21 as a relative potent and selective Lck inhibitor lead (Lck IC 50 = 170 nM, T-cell proliferation IC 50 = 17 µM) [55] and thiazole 22 as a moderate potency Lck inhibitor lead (Lck IC 50 = 3.2 µM), (Fig. (14) ) [56] . These structures are interesting because they represent novel tyrosine kinase inhibitor motifs.
In order to explore the SAR of the 2-position of lead 21, approximately 160 compounds were prepared by parallel solution phase synthesis, (Fig. (15) ). Replacement of the 2-bromoaniline with aliphatic and aromatic amines resulted in a substantial loss of activity against Lck. Both oxygen and sulfur linkers were significantly less potent than the amine linker. A biaryl analog and N-methyl analog both displayed poor activity suggesting that the aniline N-H is important for activity. Optimal substituents were 2, 6-disubstituted anilines, and the compound containing 2-chloro-6-methyl aniline (23) showed 9 nM Lck inhibitory activity. Next substitutions on the imidazoquinoxaline were explored and optimized by an automated solid phase synthetic approach, (Fig. (16) ). Substitution at the 2-or 4-position on the imidazole ring with small alkyl group is tolerated, and electron-donating groups on the fused phenyl ring enhance the potency. Finally, the optimization of 21 resulted in the discovery of 24 with potent enzymatic activity (Lck IC 50 = 2 nM) and good T-cell proliferation inhibition (IC 50 = 0.67 µM).
The binding model of 21 based on the published coordinates of activated Lck kinase domain is shown in (Fig. (17) ). The phenyl ring is twisted out of the plane of the tricyclic ring system and fits into a hydrophobic pocket. This hydrophobic pocket favors small size, electronwithdrawing, di-ortho substituted phenyl ring, which is consistent with the high potency of 23. The nitrogen of the imidazole ring and the NH of the aniline are hydrogen bonded to Met319 and Thr316 at the hinge region, respectively.
In the subsequent paper, the BMS researchers further optimized the cellular activity of 23 [57] . Thus, using a Fig. (19) . Exploration of the core structure lead to benzothiazole scaffold. similar approach of parallel synthesis, compounds with significant improved cellular activity (IC 50 <200 nM) were identified by incorporating polar and weakly basic aminebearing side chains into the 7-position of the fused phenyl ring of the imidazoquinoxaline core. The best two compounds, 24 and 25, are shown in (Fig. (18) ). The optimization of thiazole carboxamide 22 started with examining the effects of modifications to the thiazole core [56] . It was quickly discovered that benzothiazole 26 was an order of magnitude more potent than 22, (Fig. (19) ). Thus, the researchers at BMS optimized both thiazole and benzothiazole derivatives [58, 59] . The SAR of the aniline ring of 22 and 26 parallels to that of the imidazoquinoxaline class Lck inhibitors (see above), with 2-chloro-6-methylaniline being optimal. A large number of carboxamides 28 and 31 and urea derivatives 29 and 32 were prepared using multiple rounds of solution phase parallel synthesis, (Fig. (20) ).
For the amide series, the cyclopropylamides were identified to be the most potent Lck inhibitors: 33 and 34, (Fig. (21) ). Modification of the C2 amino group as a urea also led to some very potent Lck inhibitors for both the thiazole class and the benzothiazole class. In fact, urea 35 was one of the most potent inhibitors discovered in these studies. When tested against a panel of kinases, thiazole 33 exhibits excellent selectivity for the receptor tyrosine kinases and serine/threonine kinases, but no significant selectivity was observed for the seven other Src family members. In contrast, benzothiazoles 35 showed moderate to good selectivity for other member of the Src family kinases. In addition, compound 35 exhibited at least 6000-fold selectivity over Cdk2, IGF1R, KDR, and p38 kinases, (Fig.  (21) ). They all showed good cellular activity. Additional studies were performed with the goal of discovering suitable replacements for the urea moiety of 35 [59] . Thus, a wide variety of analogs were prepared using the parallel solution phase synthesis from key intermediate 36, leading to the discovery that 2-pyrimidyl and 4-pyrimidyl analogs possess excellent potency, (Fig. (22) ). Further optimization culminated in 2-aminopyridyl analog, BMS-350751 (37), and 2-aminopyrimidinyl analog, BMS-358233 (38), as highly potent Lck inhibitors in vitro with excellent activity in a T-cell proliferation assay, (Fig. (23) ).
The binding models predict that 35 and 37 bind in a similar extended conformation to the ATP binding site, (Fig. (24) ). The 2, 6-disubstituted aniline fits into a narrow and angular hydrophobic pocket. 
G. Imidazole-Based p38 MAP Kinase Inhibitors
The p38 MAP kinases, a family of serine/threonine protein kinase, play crucial roles in transducing extracellular stress signals [60] . Pro-inflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-1-β (IL-1β) are believed to be causal agents of chronic inflammatory diseases such as rheumatoid arthritis [61, 62] . The synthesis of TNF-α and IL-1β is regulated by MAPK p38 [63, 64] . (Fig. (25) ).
Researchers at Aventis reported the development of RPR200765A (46) [72] and RPR238677 (47) [73] using a solution phase and a solid-phase combinatorial approach, respectively. In the discovery of RPR200765A, from initial lead RPR132331 (44), a weak inhibitor of TNF-α (EC 50 = 800 nM), seven libraries totaling over 200 compounds were synthesized using parallel synthesis and 190 were accepted for the screening in four months, (Fig. (26) ). The libraries were carefully designed with respect to H-bonding, charge, hydrophobic and aromatic interactions. In addition, molecular weight less than 550 and cLogP less than 5 were applied to achieve good oral bioavailability. The screening strategy for compound progression includes: cellular activity, in vivo activity, bioavailability, disease-modifying activity, kinase selectivity, and physicochemical properties for formulation. Also included in the screening strategy were in vitro and in vivo toxicity such as Cytochrome p450 (CYP) 1A1 induction, mutagenicity, and guinea pig toxicity, as toxicity was an issue with this class of compounds. and high toxicity to guinea pigs (100 mg/kg/day) while RPR200765A (46) was accepted as a development candidate for the potential treatment of rheumatoid arthritis due to the excellent oral bioavailability (50%), disease modifying activity, the absence of toxicity indicators and its excellent physical properties, (Fig. (27) ).
As a follow-up study, solid-phase combinatorial synthesis of pyrimidinyl-imidazole-based library (570 member) with two points of structural modification resulted in the rapid identification of a potential drug candidate RPR238677 (47), (Fig. (28) ) [73] . In this work, the researchers at Aventis developed the Monte Carlo Monomer Selection (MCMS) algorithm, which utilized synthetic constraints and absorption/bioavailability requirements to constrain the library to maximize the combinatorial synthetic efficiency and the bioavailability of the final compounds. Key intermediate 48 and its diastereomer were prepared in solution and loaded onto a Merrifield thiol resin for elaboration of the right hand amide moiety. The desired products were released from the resin upon treatment with the second diversity element amines, followed by purification using isocyanate resin as scavenger, (Fig. (29) ). The cleavage procedure from the solid support yielded a 570-member library; analysis of these showed that 85% of the compounds were of greater than 85% purity, with 90% of these being of 100% purity using a parallel LC-MS in conjunction with evaporative light scattering (ELS) detection.
Following parallel analyses of the compounds in a primary functional assay, the CaCo-2 monolayer assay, and in an in vitro metabolic stability study, an assessment of the compound bioavailability was carried out in a combi-PK cassette-dosing experiment. The MCMS designed objective appears to have been born out with 80% of the compounds exhibiting a high absorption as determined by the CaCo-2 monolayer assay. Within the designed library, 85% of the compounds surpassed the activity of the reference compound RPR200765A (46) for inhibition of p38 kinase activity. Out of 56 compounds selected for a combi-pharmacokinetic (PK) cassette-dosing experiment, ten compounds were identified as worthy of in vivo efficacy studies. These compounds were relatively structurally diverse and possessed an improved in vitro potency over RPR200765A (46) and good Cp max values and AUCs in the rat. Interestingly, there is no obvious structure-activity relationship (SAR) that can be discerned from these ten compounds, demonstrating the strength of the combinatorial approach combined with the rational design strategy. These compounds could not have been obtained as rapidly following a traditional sequential approach.
TYPE II INHIBITORS
A. Diaryl Urea as p38 MAP Inhibitor
Type II inhibitors preferentially recognize the "inactive" conformation of the kinase thereby preventing activation. The binding site of type II inhibitors extends from the ATP binding site to an adjacent hydrophobic pocket created by the "activation loop" being extended away from the conformation required to catalyze phosphate transfer. Interestingly, it is very common for inhibitors of p38 and Raf to be cross-reactive potentially because both of these kinases can be trapped by inhibitors in an inactive conformation.
As part of a combinatorial chemistry effort at Bayer the novel pyrazolyl urea (49) was identified as a reversible p38 inhibitor, (Fig. (30) ) [74] . To rapidly develop a SAR around initial hit 49, urea libraries were prepared in a combinatorial fashion by reacting amines with isocyanates in anhydrous DMF (80-95 °C, 18 h). A modular parallel-synthesis workstation, incorporating a Gilson 215 robotic liquid handling and a J-KEM reaction block, allowed the preparation of approximately 1000 analogs, typically as 10x10 reaction matrices. This combinatorial effort in conjunction with the conventional medicinal chemistry allowed a SAR to be rapidly established, (Fig. (31) ).
The pyrazole unit of 49 could be replaced by an isoxazole, or by a thiophene. The thiadiazole analog is inactive. For the variation of the tert-butyl group, very steep structure-activity relationships were observed, with significant potency losses when one carbon atom is either added to or removed from the original tert-butyl group. The phenyl group substitution of t-butyl isoxazolyl ureas is explored, but nothing was found better than the original 2, 3-dichlorophenyl group. Next attention was focused on the 2-position of the pyrazole [75] . Replacement of the methyl by a phenyl as in 53 results in a significant increase in biochemical and cellular potency, with the most potent compounds being the 3-nitro analog and 3-amino analog 54. These compounds are also very potent in the functional cellular assay (TNF and IL-1 induced IL-6 production in Fig. (32) . Optimization of diaryl-urea p38 MAP kinase inhibitor.
SW1353 cells).
No binding mode for these compounds was reported, but, owing to their striking similarity to BIRB-796 (42) (Fig. (25) ), it will be safe to assume that they belong to the Type II inhibitor class. The selectivity of pyrazole 54 has been assessed against several cytosolic signaling kinases. With the exception of the other p38 isoform, p38 β1 (IC 50 =52 nM), 54 is only moderately active against JNK-1 (IC 50 =850 nM) and Abl (IC 50 =2.7 µM), and inactive against ERK1 (0% inhibition at 5 µM). Testing of 54 against a panel of kinases at MDS Panlabs (Bothell, WA) showed modest potency against HER2 (8.6 µM), p56 lck (2.7 µM), and little effect against PKA, PKCα, PKCβ, PKCγ, EGF receptor kinase, and p59 fyn (less than 50% inhibition at 10 µM). The researchers at Boehringer Ingelheim Pharmaceuticals also identified diaryl urea 51 as a modest but novel p38 MAP kinase inhibitor (K d = 350 nM) from high throughput screening, (Fig. (30) ) [76] . Despite its modest activity, the hit bore no resemblance to the other known inhibitors at the time and, thus, the binding mode of 51 was determined by x-ray crystallography [9] . The structure revealed that 51 utilizes a new allosteric binding pocket of the kinase, which is spatially distinct from the ATP binding site (see Fig. (32) for the schematic binding mode of the optimized compound (42) to p38). The iterative optimization cycle closely supported and guided by the x-ray crystallographic structure determinations of several key compounds culminated in the clinical candidate BIRB-796 (42). (Fig. (32) ) summarizes a path from the hit 51 to the final 42.
BIRB-796 (42) demonstrated excellent in vivo potency in a mouse model of lipopolysaccharide (LPS)-stimulated TNF-synthesis and other models. When orally dosed to cynomolgous monkeys (10mg/kg), 42 exhibited 1.7 µg/ml, 3.0 hrs, and 80% for Cmax, Tmax, and bioavailability, respectively. BIRB-796 has a very high selectivity profile against a panel of protein kinases; it does not inhibit Erk-1, Fyn, Lck, Syk, PKCα, PKCβ, PKCγ, Zap70, FGFr, Her2, PKA, IKK2β . It inhibits c-Raf-1 (IC 50 1.4 µ M) and JNK2α2 (IC 50 0.1 µM), but still maintains 1000 folds selectivity over p38. On the basis of these and other data, BIRB-796 (42) was selected for human clinical trials.
The summary of the binding interaction is shown in (Fig. (33) ). The carbonyl oxygen and one of the urea NH form hydrogen bonds with Asp168 and Glu71 respectively. The t-butyl group is embedded deep into a hydrophobic pocket created by a substantial conformational change to the DFG containing loop. This conformation is very similar to that observed for Gleevec ® bound to Abl (type II inhibitor). The tolyl group appendage to the pyrazole ring has a favorable interaction with the alkyl side chain of Glu71 and may contribute to the extensive hydrogen bond network of the urea atoms with the protein by displacing water molecules. The naphthyl ring provides better lipophilic interaction with the specificity pocket and properly aligns the ethoxy morpholine unit for efficient binding into ATP binding pocket. The morpholine oxygen forms a hydrogen bond with Met109 located at the hinge region of the ATP binding site.
B. Diaryl Urea as Raf Kinase Inhibitor
The serine/threonine kinase Raf is an effecter directly downstream of Ras and is involved in the transmission of proliferation signal from the cell surface to the nucleus [77] . The Ras-MAP kinase pathway plays an essential role in cellular proliferation, differentiation, apoptosis, and tumorigenesis. In fact, deregulation of this pathway, either activating mutation of Ras or activating mutation of Raf, is implicated in many cancers. Therefore Raf is an attractive target for a novel cancer therapy [78] . In collaboration with Onyx Pharmaceuticals, researchers at Bayer performed a high throughput screening campaign of 200, 000 compounds against recombinant Raf-1 kinase, leading to an identification of a commercially available thienyl urea 50 as a modest reversible inhibitor (IC 50 = 17µM), (Fig. (30) ) [79, 80] . The compound was also identified in their laboratory as a potent p38 inhibitor (p38 IC 50 = 290nM). As mentioned above, the urea structures were almost unknown as kinase inhibitors around the time of these hit discoveries, and so its novelty and potential for efficient synthesis of analogs made this hit attractive for further investigation. Initial medicinal chemistry efforts optimized the left-handside thienyl ring system including its two substituents and the right-hand-side aromatic ring system. In summary, potency of 5 0 was increased 10-fold by 4-methyl substitution on the phenyl ring to give analog 5 9 (IC 50 =1.7 µM) (Fig. (34) ). However, despite their efforts of extensive analog synthesis, characterization of SAR, and identification of compounds with potency comparable to 59, this series could not improved beyond the 1 µM IC 50 barrier by the sequential medicinal chemical approach. Fortunately, their combinatorial synthesis program, carried out in parallel during the latter stage of this analoging effort, provided a new direction. The combinatorial effort delivered approximately 1000 compounds that were prepared by a modular parallel synthesis workstation as described in the p38 section (see above). One of the library members, 60, turned out to be the first submicromoler inhibitor (IC 50 =0.54 µM). This result demonstrates the power of combinatorial approach, for 60 lies outside the SAR established by the sequential analog synthesis, which identified 61 and 62 as relatively inactive inhibitors. Further analoging around 60 rapidly established this compound as the lead for a second generation series of Raf kinase inhibitors with significantly enhanced potential. The following optimization of this new lead to the clinical candidate BAY-43-9006 (63) was summarized in (Fig. (34) ).
CONCLUSION
The past decade has witnessed a significant advancement in our understanding of kinase regulation and in the design of selective small molecule inhibitors. The clinical success of Gleevec ® for the treatment of chronic phase chronic myelogenous leukemia (CML) demonstrated that not only can kinase inhibitors be efficacious, but that they could also be well tolerated. Despite this success a significant number of promising kinase inhibitors were abandoned in late preclinical or early preclinical stage due to toxicity and lack of "drug-like" properties. These failures combined with the continued emergence of promising new kinase targets present many future challenges for medicinal chemists. Some of these include: (1) determining which off-target kinases (or other target) effects can be tolerated, (2) determining which combinations of kinases to inhibit for various indications, (3) determining and optimizing the chemical scaffold classes that possess these profiles, and (4) searching for news means of modulating kinase activity through interactions with allosteric sites or regulatory proteins.
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